Lubricin is a secreted, mucin-like glycoprotein and proteoglycan abundant in synovial fluid that provides boundary lubrication and prevents cell adhesion in synovial joints. The antilubricin S6.79 monoclonal antibody recognizes an O-linked glycopeptide epitope in lubricin's mucin domain. The central, long mucin domain of lubricin is extensively O-glycosylated with Gal(β1-3)GalNAc-O-Ser/Thr, and about two thirds of the O-glycosylated sites are capped with sialic acid. Our aim was to determine whether removal of sialic acid by sialidase could improve the detection of lubricin in a number of human tissues using the S6.79 monoclonal antibody. Sialidase treatment caused a dramatic increase in antibody reactivity in human pericardium, splenic capsule and trabeculae, plasma, serum, eye sleep extract, and liver sinusoids. Sialidase had minimal effect on S6.79 antibody reactivity with lubricin in synovial fluid and synovial tissue. These observations suggest that the origin of lubricin in blood may be different from that in synovial fluid and that desialylation of lubricin is essential for unmasking epitopes within the mucin domain. (J Histochem Cytochem 64:647-668, 2016) 
Introduction
The lubricin gene, proteoglycan 4 (PRG4), encodes for a heterogeneous population of proteins that differ by alternative splicing, glycosylation, function, and tissue distribution. Lubricin was first isolated and characterized as the major lubricating glycoprotein in synovial fluid. 1, 2 Lubricin generates a friction-reducing, boundary-lubricating antiadhesive coating on the surface of articular cartilage, which prevents adhesion of synovial cells, chondrocytes, and protein, thereby protecting joint tissues from wear and breakdown. [3] [4] [5] Lubricin also prevents synovial cell hyperplasia. 3 Lubricin's extensive O-linked glycosylation is essential for its function. Desialylation of lubricin does not affect its lubricating activity; however, subsequent removal of 54% of lubricin's O-linked carbohydrates increases lubricin's coefficient of friction by nearly 80%, thereby decreasing its ability to lubricate. 6, 7 We have generated antihuman lubricin monoclonal antibodies. 8 S6.79, one of the highest affinity antibodies, recognizes an O-linked glycopeptide epitope repeated a few times in the mucin domain. 9 In a recent immunohistochemical study with this antibody, we detected lubricin in several pathological tissues including tenosynovial giant cell tumors, myxomas, and ganglion cysts. 10 In our survey of more than 60 human tissues, S6.79 reactivity was highly restricted to only a few tissues. The antibody did not stain proteoglycan-rich tissues such as umbilical cord and fetal tissues. In competition ELISAs, it did not react with aggrecan, 8 decorin, and biglycan (data not shown). The S6.79 antibody did not detect versican by Western blots of partially purified material from bovine aorta, nor did it react with human or bovine aortic media by IHC. The S6.79 antibody is nonreactive with versican 668139J HCXXX10.1369/0022155416668139Sialidase unmasks lubricin mucin domain epitopesSolka et al.
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either with or without chondroitinase ABC treatment (data not shown). The S6.79 antibody is highly specific for O-linked glycopeptides within the mucin domain of lubricin. 9 The central, long mucin domain of lubricin is extensively O-glycosylated with Gal(β1-3)GalNAc-O-Ser/Thr, and about two thirds of the O-glycosylated sites are capped with sialic acid as (α2,3)NeuAc-(β1-3)Gal-GalNAc-O-Ser/Thr. 2, 6, 7, [11] [12] [13] [14] Our aim was to determine whether removal of sialic acid by sialidase could enhance the detection of lubricin with the S6.79 antibody in human tissues by IHC and Western blot analysis. Our data show that the S6.79 lubricin epitope is highly masked by sialic acid in human pericardium, splenic capsule and trabeculae, plasma, serum, eye sleep extract, and liver sinusoids compared with the epitope in normal synovial tissue and fluid. Therefore, maximal detection of lubricin with S6.79 and potentially other antilubricin mucin domain antibodies 15 requires sialidase treatment for optimal antigen retrieval.
Materials and Methods

Histochemical and Immunohistochemical Stains
Human tissues and fluids from existing pathological specimens were collected with approval from the Institutional Review Board (IRB No. 13052202-IRB01, 2013) of the authors' institution, with waiver of consent. Representative samples of normal adult pericardium, spleen, eyelid, and esophagus were chosen from cases of surgical resections, and normal adult liver cases were chosen from biopsies. Five-µm-thick sections of formalin-fixed paraffin-embedded tissues were retrieved from the Department of Pathology files (Rush University Medical Center), baked at 65C for 1 hr, deparaffinized in xylene, and rehydrated in a graded ethanol series. Heat-mediated antigen retrieval was performed by incubating the slides at 95C for 20 min in 10-mM Tris, 1-mM EDTA (catalog number: E5134; Sigma, St. Louis, MO), and 0.05% Tween-20 (catalog number: 23336-2500; Acros Organics, NJ), pH 9.0. Moats were drawn around the tissue sections with an ImmEdge pen (catalog number: H-4000; Vector Laboratories, Burlingame, CA). Tissue sections were incubated in 50-mM sodium phosphate buffer, pH 6.0, with or without 0.025 U/ml Sialidase A (Glyko Sialidase A, catalog number: GK80040; ProZyme, Hayward, CA) from Arthrobacter ureafaciens, for 6 hr at 37C in a humidified chamber. Tissue sections were then blocked with 1% (w/v) BSA in 1× PBS, pH 7.4, at 37C for 30 min. Slides were incubated with primary antibody (S6.79 mouse monoclonal; 2 µg/ml) in 0.1% (w/v) BSA in 1× PBS, pH 7.4, for 16 hr at 4C. Each experiment included a positive control of human synovium (Supplemental Fig. 1 ) and negative controls without primary antibody for each tissue type . Endogenous peroxidase activity was quenched by 0.3% H 2 O 2 in 1X TBS, pH 7.5, for 15 min at room temperature. Slides were incubated with secondary antibody (goat antimouse IgG, 1:1000, catalog number: 31432; Thermo Fisher Scientific, Rockford, IL) in 1× PBS and 0.05% Tween-20, pH 7.4, for 1 hr at room temperature, and developed with 3,3′-diaminobenzidine (DAB) (SigmaFAST DAB tablets, catalog number: D4293; Sigma). To distinguish brown DAB reactivity from hemosiderin when it was present in the tissue, slides were stained using the Perls' Prussian blue reaction (0.6-M HCl, 0.06-M potassium ferrocyanide) for 20 min at room temperature. Sections were counterstained with hematoxylin (catalog number: 7211; Thermo Fisher Scientific), dehydrated, mounted, and photographed using an Olympus BX41 microscope and camera (model 18.2 Color Mosaic; Diagnostics Instruments, Inc., Olympus, Japan). A combined orcein (Harleco; Hartman-Leddon Co., Philadelphia, PA) and Giemsa (Harleco; Hartman-Leddon Co.) staining of elastic fibers was performed according to Pinkus and Hunter. 16 
Processing of Human Synovial Fluid, Blood, and Eye Sleep
Normal synovial fluid was taken from a non-inflamed knee of an adult at autopsy, diluted 1:1 with sterile saline, and centrifuged at 1200 rpm (Rotor Heraeus 7591, Sorvall Biofuge PrimoR) for 15 min at 10C to remove cells. Clarified synovial fluid was treated with 10-mM EDTA, 0.3-mM 1,10-phenanthroline (catalog number: P9375; Sigma), 5-mM benzamidine (catalog number: B6506; Sigma), 10-mM N-ethylmaleimide (NEM; catalog number: E3876; Sigma), 0.5-mM PMSF (catalog number: P7626; Sigma), and 0.02% NaN 3 (catalog number: S2002; Sigma) for 16 hr at 4C and stored as aliquots at −80C until analysis.
Normal volunteer venous blood was collected by venipuncture into plasma separator tubes (PSTs; BD Vacutainer PST gel and lithium heparin 83 units, reference number: 367962; BD Biosciences, Franklin Lakes, NJ) and serum separator tubes (SSTs; BD Vacutainer SST, reference number: 367986; BD Biosciences). The serum was allowed to clot for 30 min. The PSTs and SSTs were centrifuged at 2000 rpm (Rotor Heraeus 7591, Sorvall Biofuge PrimoR) for 10 min at 10C, and the supernatants (plasma and serum) were collected; brought to 5-mM EDTA, 0.3-mM 1,10-phenanthroline, 5-mM benzamidine, 10-mM NEM, 0.5-mM PMSF, and 0.05% NaN 3 ; and stored as aliquots at −80C until analysis.
Normal eye discharge, also known as rheum or sleep, was collected after drying overnight. It was dissolved in 50-mM sodium phosphate buffer, pH 6.0, with 0.01% Tween-20, vortexed, sonicated for 20 min in a water bath sonicator, and centrifuged at 5000 rpm (Beckman Microfuge 12 rotor, Beckman Coulter, Indianapolis, IN, USA) for 10 min at 4C. The supernatant was collected and stored at −80C until analysis.
SDS-PAGE and Western Blotting
To determine total protein concentrations, the bicinchoninic acid (BCA) assay (Micro BCA Protein Assay Kit, catalog number: 23235; Thermo Fisher Scientific) was performed according to the manufacturer's instructions. Human body fluids (synovial fluid, plasma, serum, and eye sleep extract at 0.2-, 5.0-, 5.0-, and 100-µg total protein, respectively) were digested with Sialidase A in 50-mM sodium phosphate buffer, pH 6.0, with 0.01% Tween-20 for 18 hr at 37C, according to the manufacturer's instructions. Glycine-SDS-PAGE gels for routine protein samples were used, according to Laemmli. 17 
Results
Desialylation of the Pericardium Enhances Immunohistochemical Detection of Lubricin by the S6.79 Monoclonal Antibody
Patients with mutations in the PRG4 gene, which encodes lubricin, lack functional lubricin in their tissues and develop the disorder camptodactyly-arthropathycoxa vara-pericarditis. 18 This suggests that lubricin is associated with the pericardium of the heart. We therefore examined the pericardial mesothelium ( Fig. 1A and D) for the presence of lubricin. Without sialidase antigen retrieval, lubricin was weakly detected by IHC with S6.79 in the pericardial mesothelium and stroma ( Fig. 1B and E) . Removal of sialic acid greatly enhanced the detection of lubricin by the S6.79 antibody (Fig. 1C and F). For comparison, human synovium (known for abundant lubricin expression) was also stained. Removal of sialic acid did not enhance the immunohistochemical detection of lubricin in human synovium positive controls (Supplemental Fig. 1 ). Negative controls omitting primary antibody in all tissues examined showed no staining (Supplemental Figs. 1-4 ).
Desialylation Reveals Lubricin in the Splenic Capsule and Trabeculae
The spleen is surrounded by a capsule, which is composed of a surface lining mesothelial layer and underlying dense fibrous tissue, elastic fibers, and smooth muscle. 19 We performed lubricin IHC to evaluate the distribution of lubricin in the spleen. Without sialidase treatment, S6.79 reactivity was barely detectable in the splenic capsule ( Fig. 2A) or trabeculae (Fig. 2C) . After antigen retrieval with sialidase, lubricin was observed in the splenic capsule ( Fig. 2B ) and trabeculae (Fig. 2D) . Unfortunately, the mesothelial lining of the capsule was not present in our cases, which is not surprising due to the delicate nature of mesothelium. Lubricin was not detected in the red or white splenic pulp (Fig. 2) . Thus, the S6.79 antibody epitope of lubricin in the splenic capsule and trabeculae is masked by sialylation.
Desialylation of Lubricin Enhances the Western Blot Reactivity of the S6.79 Monoclonal Antibody
Human body fluids containing lubricin (synovial fluid, plasma, serum, and eye sleep extract) were treated with or without sialidase and were assessed for lubricin by Western blot analysis. Removal of sialic acid increased the mobility of lubricin on the blots and enhanced the level of lubricin detected by S6.79 in plasma by 4.4-to 11.3-fold, serum by 3.9-to 13.4-fold, and in eye sleep extract by 7-fold, but had a minimal effect on levels detected in synovial fluid with a 0.7-to 1.0-fold change (Fig. 3) . This strongly suggests that the epitopes recognized by the S6.79 antibody on lubricin molecules in several body fluids have different degrees of sialylation.
Desialylation Reveals Lubricin in Eye Sleep
Sialidase treatment of lubricin in eye sleep extracts enhanced the detection of lubricin epitopes by Western blot analysis (Fig. 3) . Human eyelid tissue sections contained conjunctiva, meibomian glands, and dermis as evident by hematoxylin and eosin (H&E) staining ( Fig. 4A , D, G, and J). Lubricin was weakly detected in some goblet cells of the conjunctiva after sialidase treatment ( Fig. 4B vs C) . However, even after sialidase treatment, lubricin was not observed in these sections in either meibomian glands or ducts ( Fig. 4E and F) . In areas of subdermal skin tissue with sun damageinduced elastic degeneration (Fig. 4G, J, M, and N) , extracellular lubricin was associated with the elastic fibers ( Fig. 4H and K) , and the staining was enhanced after sialidase treatment ( Fig. 4I and L) . Orcein-stained elastic fibers appeared black to dark purple ( Fig. 4M  and N) . 16, 20 A second case of solar elastosis is shown in Supplemental Fig. 3 .
Immunohistochemical Detection of Lubricin in the Blood of Hepatic Sinusoids Is Dependent on Desialylation
Lubricin was detected in the connective tissue of liver biopsy sections, but this was not dependent on sialidase ( Fig. 5A without sialidase, B with sialidase). Antigen retrieval with sialidase revealed the immunohistochemical detection of lubricin in the plasma of the sinusoids of liver biopsy cases (Fig. 5C without sialidase, D with sialidase). Lubricin was not detected in liver hepatocytes (Fig. 5A-D) . Assessment of multiple resected liver specimens demonstrated variable degrees of staining. This staining often appeared to be due to extravasated blood in the specimens associated with tissue damage. To avoid this type of tissue damage artifact, liver biopsies were evaluated as shown in Fig. 5A to D. An example of this strong extracellular reactivity from extravasated blood is shown in esophageal tissue in Fig. 5E and F where the extravasated red blood cells are obvious in sections after H&E staining (Fig. 5G ). Intraluminal lubricin reactivity in blood vessels is shown in Fig. 5E . Tissues shown in Fig. 5E and F were not treated with sialidase. Lubricin was not observed in non-hemorrhagic esophagus (Supplemental Fig. 4 ).
Discussion
The lubricin glycoprotein present in synovial fluid is 50% to 57% carbohydrate. 2, 7, 13, 14 Our data show that lubricin epitope recognized by the S6.79 monoclonal antibody in the mucin domain is sialylated differently in certain human body fluids and tissues. Furthermore, lubricin molecules in blood express highly sialylated S6.79 epitopes, which suggests that the origin of the majority of lubricin molecules in blood is different from those in synovial fluid.
Patients with mutations in the PRG4 gene, which codes for lubricin, lack functional lubricin and develop the disorder camptodactyly-arthropathy-coxa varapericarditis 18 and can exhibit pericardial hyperplasia. This suggests that lubricin is also associated with the pericardium. We found that removal of sialic acid greatly enhanced the lubricin reactivity observed within the pericardial mesothelial cells and pericardial stroma. This is the first observation that lubricin is Editor's Highlight made by mesothelial cells. Because Camptodactylyarthropathy-coxa vara-pericarditis syndrome (CACP) patients who lack functional lubricin sometimes exhibit pericardial hyperplasia, it remains important to investigate lubricin's expected role in providing boundary lubrication, lowering the coefficient of friction on the heart surface, and preventing pericardial hyperplasia. In addition, removal of sialic acid revealed lubricin in the splenic capsule and trabeculae, which suggests lubricin may reduce the surface friction of the spleen.
In plasma, serum, and the blood within hepatic sinusoids, lubricin must be desialylated for the S6.79 antibody to optimally recognize its epitope. Our results have demonstrated that the population of lubricin molecules in blood has highly sialylated S6.79 epitopes. One possible explanation for this apparent higher proportion of sialylated lubricin molecules is that desialylated glycoproteins, known as asialoglycoproteins, can be cleared from the circulating blood by lectin receptors in the liver. [21] [22] [23] [24] For example, asialoglycoprotein receptors are C-type lectins on the sinusoidal surface of hepatocytes that specifically bind to terminal β-linked galactose or N-acetylgalactosamine (GalNAc) residues on asialoglycoproteins. [21] [22] [23] [25] [26] [27] The asialoglycoproteins are then internalized by receptor-mediated endocytosis via the clathrin-coated pit pathway. 23, [26] [27] [28] [29] [30] [31] [32] [33] Thus, sialylation masks the terminal galactose residues, thereby protecting glycoproteins from hepatocyte and non-parenchymal liver cell internalization and subsequent lysosomal degradation. 24, 34 Also, lubricin derived from osteoarthritis synovial fluid contains more monosialylated glycans compared with disialylated glycans in rheumatoid arthritis (RA) synovial fluid. 13 Given our data in which the S6.79 epitopes on lubricin molecules in normal plasma and serum are more sialylated than those in normal synovial fluid, it is possible that the increased sialylation in RA synovial fluid could be due to an increased presence of blood-derived lubricin.
We detected sialidase-dependent enhancement of lubricin in eye sleep extract. In the eyelid, lubricin reactivity was weakly detected in the conjunctiva but was not observed in meibomian glands. The level of lubricin in these human eyelid specimens likely is below the immunohistochemical detection of S6.79 and accumulates in the concentrated eye sleep samples. Also, lubricin reactivity was enhanced after sialidase in areas of subdermal solar elastosis. Schmidt and colleagues 35 observed lubricin in human corneal and conjunctival epithelial cells using LPN, an affinity-purified rabbit polyclonal antibody made against a C-terminal peptide corresponding to amino acids #1356-1374 of human lubricin (Thermo Fisher Scientific). We have previously detected the presence of lubricin in occasional cells in sections of rabbit eyelids. 36 Because lubricin is of interest as an ocular lubricant, 35 further investigation of lubricin in the eye is needed. Also, lubricin reactivity was enhanced after sialidase in areas of subdermal solar elastosis. Solar elastosis is a degeneration of the elastic tissue of the dermis resulting from long-term exposure to sunlight. Mature elastic fibers are composed of an elastin core surrounded by fibrillin microfibrils, with additional accessory molecules and glycoproteins that facilitate elastic fiber assembly and function. 37 Interestingly, neuraminidase 1 (Neu1) is required for elastic fiber assembly; Neu1deficient fibroblasts exhibit impaired elastogenesis that is reversible upon addition of exogenous sialidase. During elastogenesis, the soluble precursor tropoelastin is chaperoned to the cell surface by elastin-binding protein (EBP). Neu1 is thought to facilitate the release of tropoelastin from EBP by exposing galactosugars on adjacent molecules, which interact with the galectin domain of EBP. 38 The released, secreted tropoelastin molecules then become insoluble elastin globules after cross-linking by lysyl oxidase and are deposited onto fibrillin microfibrils. 37 Our data show that the addition of exogenous Sialidase A enhances the detection of lubricin associated with the elastic fibers in solar elastosis. Lubricin associated with elastic fibers was only seen in solar elastosis; lubricin was not associated with normal elastic fibers, such as those in the aortic media.
Two of the antilubricin monoclonal antibodies (S6.79 and S17.109) raised against purified human lubricin and reported by Su and colleagues 8 recognize a similar O-linked epitope in synovial fluid that is highly masked by sialic acid in plasma and serum. Furthermore, Ai and colleagues 15 recently generated a panel of antihuman lubricin monoclonal antibodies that also recognize an asialo-O-linked epitope in synovium, synovial fluid, and blood. Thus, the asialo-O-linked mucin domain epitopes appear to be prominent epitopes for mouse antibodies raised against human lubricin.
The presence of lubricin in blood is a major complication for the assessment of lubricin in different tissues by IHC and requires careful evaluation. Lubricin reactivity was detected in the plasma of blood vessels. Strong extracellular lubricin reactivity in various tissues was often accompanied by extravasated red blood cells and hemorrhage revealed by H&E staining. Unlike liver biopsies, resected livers displayed an artifact of intracellular lubricin reactivity, as the positive cells had compromised membranes and the staining did not obey a logical, reproducible pattern of reactivity (data not shown). While desialylation generally provides optimal S6.79 reactivity, refraining from sialidase antigen retrieval suppresses the detection of lubricin derived from blood using the S6.79 antibody.
In summary, sialidase is essential for unmasking lubricin epitopes recognized by several monoclonal antibodies, including S6.79, in some tissues. We recently detected lubricin in several pathological tissues, including tenosynovial giant cell tumors, myxomas, and ganglion cysts. 10 Sialidase did not affect the detection of the S6.79 lubricin epitopes in these tissues or any other tissue investigated previously. 10 Our data presented here show that lubricin in human pericardium, splenic capsule and trabeculae, plasma, serum, eye sleep extract, and liver sinusoids required sialidase pretreatment for optimal detection, whereas normal synovial fluid and synovium did not.
